Abstract-The recovery of vanadium with calcium fluoride in sulfuric acid medium was put forward from vanadium titanomagnetite in order to enhance the leaching efficiency of vanadium and reduce the environmental pollution. The main factors, leaching mechanism and kinetics analysis of vanadium from vanadium titano-magnetite concentrate were deeply investigated. The results show that the calcium fluoride could obviously increase the recovery of vanadium and enhance leaching efficiency. The recovery of vanadium was increased from 75% to 92% with 6% calcium fluoride. The calcium fluoride could promote the dissolution of SiO2 and the generation of H2SiF6, which may easily destroy the crystal lattice of magnetite and dissolve the vanadium. The particles of vanadium titano-magnetite were smaller and multihole with calcium fluoride after the acid leaching process. The leaching kinetics could be expressed by the SCM in the process. The apparent rate constant was increased from 0.0017 to 0.0031 with 6% calcium fluoride at 100 o C, where the apparent activation energy (Ea) of vanadium leaching has been decreased from 36.05 KJ/mol to 22.17 KJ/mol.
INTRODUCTION
Vanadium is widely applied in ferrous, non-ferrous metallurgy and chemical production due to its superior physical and chemical properties [1] . The vanadium titanomagnetite is important vanadium sources, which has been distributed in many provinces in China and the proven reserves are 9.83 billion tons. The total reserves of V 2 O 5 in vanadium titano-magnetite reach 25.96 million [2] [3] . The recovery of vanadium has been extensively studied from all kinds of vanadium resources [4] [5] [6] .
The recovery of vanadium from vanadium titanomagnetite mainly includes direct extraction and extraction from vanadium slag after the ironmaking and steelmaking [7] [8] . The process of roasting with NaCl or Na2SO4 at above 1000 o C and water leaching was applied for direct extraction, where the air pollution was serious due to the generation of Cl 2 and SO 2 [9] . The recovery of vanadium from the vanadium slag mainly includes two methods. One is the process of roasting with Na 2 CO 3 , water leaching, purification and precipitation, where the total recovery of vanadium was low [10] . The other process is calcified roasting or direct roasting, acid leaching, solvent extraction and precipitation [11] [12] [13] [14] . High consumption of sulfuric acid was needed to obtain high recovery of vanadium in the process [15] [16] .
The present research work was to study the recovery of vanadium with calcium fluoride in sulfuric acid medium from vanadium titano-magnetite concentrate to enhance leaching efficiency and reduce environmental pollution. Above all, the main influence factors, leaching mechanism and kinetics analysis were in-depth investigated in the process to scientifically explain and confirm the recovery of vanadium.
II. EXPERIMENT

A. Materials
The raw ore of vanadium titano-magnetite was collected from Shanxi province, China. The particle size of the sample was -0.074mm accounting for 100% with crushing and grinding. The vanadium titano-magnetite concentrate was obtained using low intensity magnetic separation and the sample was analyzed by using inductively coupled plasma-atomic emission spectrometry (ICP-AES). The results is given in Table 1 . The analytical purity chemical reagents including sulfuric acid and calcium fluoride from Dengke Chemical Reagent Technology Co., Ltd were used. The water used in this study was distilled water.
B. Methods
The raw ore of vanadium titano-magnetite was crushed and grinded to -0.074mm, and then the sample was separated with low intensity magnetic separation to obtain vanadium titano-magnetite concentrate. Then 100g sample was mixed calcium fluoride in the sulfuric acid solution with different concentration at liquid to solid ratio of 5 mL/g. The ore slurry was stirred with using a KX79-1 magnetic heating mixer (China) at the speed of 300 rpm under different conditions of leaching time and temperature. The acid leaching solution was collected by filtration with a SHB-IIIA vacuum suction filter (China). The leaching residue was dissolved in hydrofluoric acid solution and the contents of vanadium and other elements were determined by ICP-AES. The recovery of vanadium was calculated by the following equation.
Where: α is the recovery of vanadium (%), q is the vanadium quantity of sample (g) and p is the vanadium quantity of leaching residue (g).
C. .Detection measurement
The contents of element were detected and analyzed by using a Plasma1000 inductively coupled plasma atomic emissios spetrometuy (ICP-AES).
X-ray diffraction (XRD) patterns were obtained by using a Rigaku D/MAX-III X-ray diffraction meter with Cu Kα radiation.
A Jeol JSM-5610LV scanning electron microscopy (SEM) was used to observe the surface morphology of vanadium titano-magnetite concentrate and leaching residue.
III. RESULTS AND DISCUSSION
A. Effect of Calcium Fluoride
The effect of calcium fluoride on recovery of vanadium at different sulfuric acid concentration was investigated under the condition of leaching temperature of 100 o C and reaction time of 60 min. The result is shown in Fig. 1 . It can be seen from Fig. 1 that the recovery of vanadium was increased with increasing calcium fluoride. The recovery of vanadium could reach 75% with 5 mol/L sulfuric acid solution, but 92% of vanadium was extracted from vanadium titano-magnetite with using 6% calcium fluoride in the sulfuric acid solution.
B. Effect of Sulfuric Acid Concentration
The effect of sulfuric acid concentration on recovery of vanadium was investigated under the condition of leaching temperature of 100 o C and calcium fluoride of 6%. The result is indicated in Fig. 2 . It can be observed from Fig. 2 that the recovery of vanadium was obviously increased with increasing sulfuric acid concentration. The increasing tendency was according with increasing reaction time.
C. Effect of Leaching Temperature
The effect of leaching temperature on recovery of vanadium was studied under the condition of sulfuric acid of 5 mol/L and calcium fluoride of 6%. The result is demonstrated in Fig. 3 . It is shown in Fig. 3 that the recovery of vanadium was also increased with increasing leaching temperature. However, the increasing tendency of vanadium recovery was more obvious with 6% calcium fluoride.
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D. Mechanism of Vanadium Leaching
The effects of calcium fluoride, sulfuric acid concentration and leaching temperature on vanadium recovery were obvious. Therefore, it is important to use a qualitative mechanism with XRD and establish a quantitative measurement of leaching kinetics to confirm the leaching process. The XRD pattern of leaching residue from vanadium titano-magnetite in 5 mol/L sulfuric acid is indicated in Fig. 4 . It is shown that the phase of ilmenite, omphacite and andesine were disappeared. Some magnetite has been dissolved and the phase of SiO2 was generated in the acid leaching process without calcium fluoride. However, most phase of SiO2 and Fe3O4 were gradually dissolved in the solution with 6% calcium fluoride.
Therefore, the main chemical and phase reaction could be occurred with calcium fluoride in sulfuric acid solution.
The HF could be generated with calcium fluoride and sulfuric acid at leaching temperature of 100 oC. The HF could dissolve SiO2 and the H2SiF6 was generated, where the acidity is even stronger than H2SO4. Therefore, the magnetite and vanadium in the crystal lattice could be easily dissolved in the solution due to the acidity and corrosiveness of HF and H2SiF6 [17] . The SEM images of the vanadium titano-magnetite concentrate and acid leaching residue are shown in Fig. 5 . It is indicated from Fig. 5 that the particles of direct leaching residue became small and appeared surface multihole. The particles of leaching residue became multihole and smaller with calcium fluoride, which can be understood that the loose ash layers were generated after the acid leaching process. Therefore, the SCM can be applied in the acid leaching of vanadium from vanadium titanomagnetite concentrate [18] [19] .
E. Kinetics Analysis of Vanadium Leaching
According to the SCM, assuming the leaching process is controlled by the internal diffusion, the following expression of leaching kinetics can be used:
Vanadium titano-magnetite concentrate Residue of direct acid leaching
Residue of acid leaching with CaF2
Assuming the leaching process is controlled by the chemical reaction, the following expression can be applied for the leaching kinetics:
Two controlling steps of the SCM were investigated under different sulfuric acid concentration without calcium fluoride. The result is shown in Fig 6 . It is indicated that the control of internal diffusion fitted the leaching data well at 5 mol/L and 6 mol/L sulfuric acid. The control of chemical reaction control fitted the leaching data well at 3 mol/L and 4 mol/L sulfuric acid.
Two controlling steps of the SCM were investigated under different sulfuric acid concentration with 6% calcium fluoride. The result is indicated in Fig 7. It is shown that the control of internal diffusion fitted the leaching data well at 4 mol/L, 5 mol/L and 6 mol/L sulfuric acid. Therefore, the addition of calcium fluoride promoted chemical reaction and decreased the consumption of sulfuric acid. It can be seen that the control of internal diffusion also fitted the leaching data well and the correlation coefficient (R2) was above 0.99 at different temperature. The speed constants could increase from 0.0017 to 0.0031 at 100 oC with 6% calcium fluoride. According to the speed constants at different temperatures, the plot of ln(ka) versus temperature was investigated in Fig 9 . It can be observed that the correlation coefficient (R2) was above 0.99 at different temperature. The apparent activation energy (Ea) of vanadium leaching was decreased from 36.05 KJ/mol to 22.17 KJ/mol with 6% calcium fluoride by the calculation. The decrease of apparent activation energy can effectively enhance the leaching efficiency based on the theory of kinetics.
IV. CONCLUSIONS
(1) The recovery of vanadium could reach 92% under the conditions of calcium fluoride of 6%, sulfuric acid concentration of 5 mol/L, leaching temperature of 100 o C, liquid to solid ratio of 5 mL/g and reaction time of 60 min. The hydrofluoric acid could be generated with calcium fluoride and sulfuric acid at 100 o C. The hydrofluoric acid could promote the dissolution of SiO 2 and generation of H 2 SiF 6 , which may obviously destroy the crystal lattice of magnetite.
(2) The particles of vanadium titano-magnetite concentrate became smaller and multihole with calcium fluoride after the acid leaching process. The leaching kinetics could be expressed by the SCM. The addition of calcium fluoride could promote chemical reaction controlling to internal diffusion controlling. The speed constant was 0.0031 at 100 o C and Ea of vanadium leaching was 22.17 KJ/mol with 6% calcium fluoride in 5 mol/L sulfuric acid. The decrease of Ea has enhanced the leaching efficiency.
